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ABSTRACT
Supersonic retro-propulsion (SRP) is defined as rocket propulsion used to decelerate
aerospace vehicles at supersonic speed. SRP is often used as a method of high-speed deceleration
on space vehicles. The main method of propulsion used in the application of SRP is rocket
propulsion. Rocket engine thrust and performance changes with altitude and expansion ratio.
Changing altitudes across the trajectory of a rocket affect how the exhaust plume shock waves
expand. Being able to identify how different expansion ratios affect the exhaust plume flow
fields would provide useful data on how SRP performance can be predicted. This research
projects aims at developing a computational model for existing physical test data on SRP and
extrapolating data from the model to assess how SRP would perform with different nozzle
expansion ratios.
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Nomenclature
At = Throat Area, in2
AR = Area Ratio
Cp = Pressure Coefficient, (P-P∞)/q∞
CT = Thrust Coefficient, T*/(Po •At)
D = Diameter, in
P = Static Pressure, psia
Po = Chamber Pressure, psia
M = Mach Number
q∞ = Dynamic pressure, psia
r = Radial distance along plenum
T* = Thrust, lbf
T = Temperature, K
β = Oblique Shock Angle
θ = Geometric Turn Angle
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INTRODUCTION
Background and Objectives
The application of SRP in the field of engineering research is of great interest to NASA
and is listed under section 9.2 under the 2020 NASA Technology Taxonomy. The 2020 NASA
Technology Taxonomy provides a structure for articulating the technology development
disciplines needed to enable future space missions and support commercial air travel [1]. In
section 9.2.3 of the NASA Technology Roadmaps, the objective listed for SRP is to enable large
mass payloads (> 5 metric tons) on Mars [2]. Supersonic retro-propulsion is of great use to space
vehicles in atmospheric re-entry. Such examples include SpaceX’s Falcon 9 rocket, which after
sending payloads into orbit, reenters Earth’s atmosphere and lands upright on a carrier in the
Atlantic Ocean. Another example is launch vehicles designed to land on Mars. While lighter
payloads (< 5 metric tons), such as the Curiosity Rover, can land on Mars’s surface using
parachutes, heavier vehicles require propulsion for descent and landing. A study on adapting
SRP to Mars-relevant applications stated that propulsion is likely to be the only entry, descent,
and landing (EDL) technology capable of a wide range of missions [3]. Having this as a
background for the necessity of mature computation models in SRP, further development of SRP
research can be done with the scope of future missions on Mars. The purpose of this research
project is to analyze the characteristics of exhaust plumes on retro-propulsion jets. This research
is critical in knowing how thrust performance behaves in opposing supersonic flow. Having data
to predict these performance and flow characteristics can allow for optimum proper propulsion
system design for the given application. This subsystem in entry and descent vehicles is very
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critical to achieve a successful mission. Any crash, or heavy landing can result in damage of
million-dollar payloads and mission failure, or in the case of human spaceflight, astronaut
casualties. In section 9.2.3 of the NASA Technology Roadmaps, one of the challenges regarding
SRP are listed as “rocket engine startup and transient forces and moments, steady state forces
and moments, and calibration of engineering models sufficient for design and development of an
integrated EDL capability” [2].
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APPROACH
Supersonic Shock Relations
The computational model was developed to focus on shock waves and high-speed flow.
These fluid interactions require the use of coupled energy equations into the model. Such
equations in high-speed flow make temperature, pressure, density, and Mach Number much
more important in the analysis of thermodynamics.
When it comes to analyzing supersonic flow fields, shock waves and compressibility
becomes much more prominent within aerodynamic design. Shock waves form oblique angles
depending on the freestream Mach Number M ∞ and body deflection angle, θ. There are several
governing equations that can model the pressure and Mach number relations of supersonic shock
waves. The following are a few of the equations used in determining conditions behind normal
shock waves.
(
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=
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Figure 1: Diagram of oblique shock wave

An analytical approach to the equations above will show that the pressure behind a
supersonic shock wave, increases significantly based on the Mach number, and that the Mach
Number behind a shock wave M2 decreases significantly based on free stream Mach number M 1.
It can also be noted that that oblique shock angles, β, increase with increasing deflection angle, θ,
depending on Mach number
Modeling
This project was completed through the Computational Fluid Dynamics software
StarCCM+. The use of this software allows the user to model complex fluid analysis problems
with a graphical interface. To successfully develop a computational model that can simulate
SRP, a fluid simulation was modeled after the physical results from the paper “Supersonic
Retropropulsion Validation Experiment in the NASA Langley Unitary Plan Wind Tunnel” [4]. In
this experiment, a physical model was made to simulate SRP by using a plenum featuring
nozzles in opposing flow. The model was tested at the NASA Langley Supersonic Wind Tunnel,
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and tested at different Mach Number configurations, angle of attack, and yaw. C p distributions
on the forebody were recorded using pressure sensors on the forebody surface.
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METHODOLOGY
Computational Domain
The geometry was modeled to match that of the wind tunnel test as closely as possible.
Some additional hoses and tubes were not incorporated into the model due to added simulations
complexity and unknown dimensions. The tank plenum was modeled with a diameter of 5 in and
a length of 10 in, and a forebody face angle of 70 degrees with respect to the z-axis, with a 32-inlong sting with a diameter of 2.5 in. The nozzle inlet was modeled with a diameter of 0.5 in and a
chamber length of 0.25 in was chosen in order to reduce simulation complexity in the air-supply
region, since modeling air feed lines was unnecessary. The nozzle throat was set to a diameter of
0.25 in, and the nozzle exit diameter was set to 0.5 in, making an area ratio of 4. The length of
the expansion region was set to 0.5 in since it gave a reasonable exit angle for the nozzle.

Figure 2: Wind Tunnel Geometry Schematic
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Figure 3: Plenum Geometry Schematic

The initial simulation was set to the boundary conditions experienced in the wind tunnel
experiment. The computational domain was defined as a 2-dimensional axisymmetric mesh in
order to reduce mesh cell count and increase computation speeds. The bottom axis of the domain
was defined as a symmetry plane axis A free stream inlet defines the air supplied to the
computational domain based on Mach Number M ∞ and static temperature T, and free stream
pressure P∞. The outer walls of the wind tunnel were defined as symmetry planes to act as a
farfield and reduce the computational complexity of including a boundary layer refinement of the
wind tunnel walls. Lastly, stagnation inlet was defined to supply the nozzle chamber pressure
from the plenum.
The stagnation inlet was set to a stagnation pressure of 5000 psia to match that of the
experiment, with a stagnation temperature equal to ambient at 300 K. The ambient freestream
temperature was also set to 300 K.
Mesh Refinement Study
To be able to configure the mesh to reach a high enough quality refinement and obtain
accurate results, a mesh study was performed. This entails measuring a simulation output
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variable with respect to increasing mesh density. A relatively coarse mesh with a default base
size of 0.3 m base size was set, where the appropriate volumetric mesh controls were used to
refine areas around the geometry. The refined cell sizes were 1.0% of the base size near the
exhaust plume, and the body wake. The simulations were run to capture the thrust values as a
function of mesh cell count and examined for mesh convergence. While an initial mesh was set
and run, some iterative meshing was necessary in order to observe the flow field and refine the
mesh near the normal shock region.

Figure 4: Initial mesh
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Figure 5: Mesh after shock refinement

Once the mesh was fully defined based on the expected flow field, the simulation could
be completed at different mesh base sizes. The thrust data based on mesh refinement can be seen
below.

Cell Base size (m)

Ct

0.3

1.54

0.2

1.45

0.1

1.50

0.08

1.49

0.06

1.51

Table 1: Thrust coefficient vs. cell base size
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Figure 6: Plot of Ct vs. mesh cell count

The solution is considered converged as a residual change of less than 5 percent has been
achieved. However, a cell base size of 0.08 m instead of 0.06 m was chosen to reduce meshing
and solving time, since only a relatively small change in C T values can be expected from a more
refined mesh.
Data Correlation
To validate the computational models with the data produced by the wind tunnel test, the
Cp distribution ahead of the forebody in the y-direction was analyzed and compared with the
wind tunnel data. The Cp distribution was taken from three different simulations at Mach 2.4,
3.5, and 4.6, with a baseline configuration. The C p distribution range was nondimensionalized
based on distance per body radius.
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Figure 7: Plot of the baseline configuration pressure data from wind tunnel experiment [4]
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Figure 8: Plot of Cp from baseline simulation
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0.5

The results indicate that the simulation models produce accurate solutions, where the data
was found to be within 5 percent of the experimental data. Therefore, reasonable solutions can be
expected from the CFD model.
The respective Mach Number plots an also be compared to the Schlieren images taken
from the wind tunnel data. The Mach Number plots for the baseline configuration can be seen
below.

a)

Mach 2.4

b) Mach 3.5

c) Mach 4.6

Figure 9: Schlieren images of baseline configuration [4]

Figure 10: Baseline Mach Number Plot at M = 2.4
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Figure 11: Baseline Mach Number Plot at M = 3.5

Figure 12: Baseline Mach Number Plot at M = 4.6
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RESULTS AND DISCUSSION
The simulation was run at three different Mach Numbers, M ∞ = 0, M∞ = 2.4, and M∞ =
3.5. M∞ = 4.6 was omitted from the simulation data, due to issues with residual convergence
instability. The stagnation temperature of the nozzle inlet air was raised to 1000 K, as opposed to
leaving it as ambient 300 K as in the wind tunnel experiment, in order to keep the static
temperature of the nozzle plume above the condensation point of air, reducing the necessity to
include a multiphase model in the simulation.
A plot of thrust coefficients was obtained by measuring thrust at the exit plane of the
plenum nozzle and were compared with varying freestream Mach numbers. As expected,
increasing area ratio increases thrust in ambient air, as exit Mach number is a function of area
ratio. At an area ratio of 2, the CT starts at 1.37, and climbs up to 1.52 for an area ratio of 6.
Under ideal expansion, the thrust curve for increasing area ratios can be expected to increase
exponentially, due to the momentum equation being a function of the exit velocity squared.
However, under fixed-pressure conditions, with an ambient pressure of 101325 Pa, the exhaust
expansion conditions, start to change the way the flow behaves.
The thrust values at supersonic conditions are found to decrease significantly when
compared to that of stagnant conditions. This is more than likely due to the sharp increase in
back pressure initiated by the normal shock wave upstream of the forebody. This higher increase
in back pressure also decreases the significance of thrust generated by pressure difference. At a
higher freestream Mach number of 3.5, CT is seen to noticeably decrease. This is due to the
higher pressure increase behind the shock wave. At higher Mach numbers, the pressure behind
14

the shock increases significantly, thus affecting the expansion conditions and efficiency of the
flow.

Ct vs Area Ratio
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Figure 13: Plot of Ct vs Area Ratio at different Mach Numbers

Figure 14: Mach Number Plot, AR = 2, M∞ = 2.4
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Figure 15: Mach Number Plot, AR = 3, M∞ = 2.4

Figure 16: Mach Number Plot, AR = 4, M∞ = 2.4

Figure 17: Mach Number Plot, AR = 5, M∞ = 2.4
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Figure 18: Mach Number Plot, AR = 6, M∞ = 2.4

Figure 19: Mach Number Plot, AR = 2, M∞ = 3.5

Figure 20: Mach Number Plot, AR = 3, M∞ = 3.5
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Figure 21: Mach Number Plot, AR = 4, M∞ = 3.5

Figure 22: Mach Number Plot, AR = 5, M∞ = 3.5

Figure 23: Mach Number Plot, AR = 6, M∞ = 3.5
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CONCLUSION AND FUTURE WORKS
From the data it can be concluded that lower area ratios are more likely to have higher
thrust performance characteristic in an SRP application, while thrust performance decreases as a
function of freestream Mach number. It should be noted, however, that the data was only
normalized for standard atmospheric pressure. When designing a rocket nozzle, the
environmental conditions need to be evaluated to make a good prediction of performance. This
would include simulating nozzle thrust performance at different altitudes, or in this case,
pressures. Since Rockets are often designed to operate at a range of altitudes, an important future
project to obtain a more mature data set would be to test each different nozzle configuration in
different ambient pressures and observe how optimum nozzle performance varies between aera
ratio and pressure. This would make the data more useful in the application of SRP rocket nozzle
design.
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